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Development of a method for profiling of volatile 
organic compounds to monitor heat stress in hot 







have	 been	 proven	 successful	 to	 reduce	 storage	 rot.	However,	 excessive	 heat	 during	
dipping	easily	 induces	heat	 stress	and	physiological	disorders,	which	only	 show	up	
after	several	weeks	of	cold	storage.	To	develop	further	the	HWD	technology,	a	method	
for	 early	 detection	 of	 physiological	 disorders	 is	 desirable.	 As	 apples	 emit	 volatile	
organic	compounds	(VOCs)	in	response	to	stress	and	ripening,	VOC	profiling	can	be	a	
useful	tool	for	detecting	the	immediate	heat	stress	and	latent	physiological	disorders.	
In	 this	 study,	a	 selected	 ion-monitoring	program	was	developed	 for	analyzing	VOCs	
from	apples	(Malus domestica	 ‘Ingrid	Marie’	and	 ‘Pinova’)	dipped	 in	water	at	20	and	
56°C	 for	3	min.	VOCs	were	sampled	by	solid-phase	microextraction	and	analyzed	by	
GC-MS	 in	 total	 ion	 current	 mode.	 From	 these	 results,	 a	 selected	 ion-monitoring	
program	was	 developed	which	 enabled	 detection	 of	 trace	 VOCs	 collected	 by	 static	
headspace	 sampling.	 The	 results	 showed	 that	 all	 apples	 dipped	 in	 56°C	 for	 3	min	
developed	visual	signs	of	physiological	disorders	in	cold	storage.	At	the	same	time,	the	
VOC	profile	of	 these	apples	differed	 from	 that	of	 the	20°C	 treated	apples.	This	work	
provides	 a	 solid	 basis	 for	 a	 future	 development	 of	 the	 VOC	 method	 to	 forecast	
physiological	 disorders	 and	 to	 improve	 the	 HWD	 technology	 for	 better	 control	 of	
storage	rot.	
Keywords:	hot	 water	 dipping,	 physiological	 disorders,	 GC-MS,	 VOCs,	 static	 headspace	
sampling,	solid-phase	microextraction	
INTRODUCTION	
Research	 on	 organic	 production	 is	 becoming	 more	 important	 due	 to	 increasing	
consumer	awareness	towards	the	impact	of	pesticide	application	on	the	environment	and	on	




the	 abovementioned	 factors,	 fungal	 infections	 are	 the	most	 damaging	 factor	 causing	 yield	
reductions	in	orchards	and	during	storage.	Although	most	storage	rots	are	already	present	




Hot	water	dipping	(HWD)	 is	one	of	 the	most	effective	postharvest	pre-treatments	 to	
control	storage	rot	in	apples.	In	northern	Germany,	HWD	has	proved	to	be	effective	against	
storage	 rots	 in	 apples	with	 efficacies	 above	80%	 (Maxin	 et	 al.,	 2012a).	HWD	also	 reduces	
chilling	 injuries,	 delays	 ripening	processes	 (Fallik,	 2004),	 and	 controls	pest	 insects	 (Smith	
and	Lay-Yee,	2000).	However,	caution	must	be	taken	as	excessive	heat	can	cause	heat	stress	
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and	 development	 of	 physiological	 disorders.	 Maxin	 et	 al.	 (2012b)	 found	 that	 the	 apple	
cultivar	 ‘Elstar’	developed	physiological	disorders	when	the	fruit	were	dipped	in	hot	water	
at	 temperatures	 above	 53°C	 for	 3	 min.	 Browning	 of	 the	 peel,	 flesh	 darkening,	 pitting,	
elevated	decay	and	earlier	fruit	softening	are	common	symptoms	of	physiological	disorders	
in	hot	water	 treated	 fruits	 (Lurie,	1998).	As	 these	symptoms	do	not	show	up	until	 several	
weeks	 after	 treatment,	 new	 methods	 for	 early	 detection	 of	 physiological	 disorders	 are	
needed.	




Several	 techniques	 have	 been	 developed	 for	 sampling	 of	 VOCs.	 Static	 headspace	 sampling	
(SHS)	is	by	far	the	simplest	method	but	the	method	lacks	sensitivity.	However,	the	sensitivity	










Apples	 (Malus	 domestica	 ‘Ingrid	 Marie’	 and	 ‘Pinova’)	 were	 harvested	 from	 Aarhus	
University’s	orchard	in	Aǒ rslev.	Only	blemish	free	fruit	were	selected.	The	fruit	were	stored	at	
2°C	 until	 the	 day	 before	 HWD	when	 they	were	moved	 to	 room	 temperature	 to	 acclimate	
overnight.	
Hot	water	dipping	











To	 generate	 a	 broad	 list	 of	 VOCs	 emitted	 from	 the	 apples,	 the	 compounds	 were	
sampled	by	SPME	after	approximately	3	h	of	incubation	from	one	jar	of	each	combination	of	
























Table	1.	 Full	 list	 of	 volatile	 organic	 compounds	 identified	 from	 hot	 water	 dipped	 apples	
using	solid-phase	microextraction	sampling	analyzed	on	GC-MS	in	total	ion	current	
mode.	From	this,	a	selected	ion-monitoring	(SIM)	program	was	generated.	Volatile	














7.18 Methanol 6.50 
 
32 31  + 
7.27 Acetaldehyde 43 29  + 
8.07 2-Methylpropene3 7.70 41 56 39 + 
8.66 Ethanol 8.30 31 45 46 + 
9.15 Prop-2-enal3 9.00 
 
56 55 26  
9.31 Propanal 58 29  + 
9.42 Acetone 43 58  + 
9.47 Methanedithione 76 78   
9.54 Methylthiomethane 47 62  + 
9.76 Methyl acetate 43 74  + 
10.06 Pentane 9.90 43 42 41 + 
10.41 Propan-1-ol3 10.20 
 
31 59  + 
10.63 2-Methylpropanal 72 43  + 
10.85 2-Methylfuran 82 81   
10.96 Butanal 41 43  + 
10.98 3-Methylfuran 82 81  + 
11.02 Butan-2-one 43 72  + 
11.14 Ethyl acetate 43 61  + 
11.26 Methyl propanoate3 57 88   
11.63 1-Methoxybutane3 11.50 45 56   
11.92 Butan-1-ol 11.75 56 43   
1 Compounds were identified by library search (NIST/EPA/NIH Mass Spectral Database) and validated by 
comparing retention time (RT) and mass spectra to those of authentic gas samples.  
2 SIM program constructed from the list of compounds generated using a solid-phase microextraction 
sampling procedure. The program was used to analyze volatile organic compounds from samples collected 
by static headspace sampling (SHS). Dwell time were 50 ms for target ions and 10 ms for qualifier ion 1 
and 2 (Q1 and Q2). 
















12.14 2-Methylbutanal3  58 57   
12.36 2-Pentanone3 86 71   
12.46 Ethyl propanoate 102 57   
12.53 Propyl acetate3 61 73  + 
12.61 Methyl butanoate 71 74   
12.65 1-Methoxy-2-methylbutane3 45 70  + 
13.21 2-Methyl-1-butanol 12.90 
 
57 41  + 
13.50 Ethyl 2-methylpropanoate3 43 71   
13.75 2-Methylpropyl acetate3 43 73  + 
14.02 Ethyl butanoate3 88 43  + 
14.09 Propyl propanoate3 75 57  + 
14.22 Butyl acetate3 61 73  + 
14.58 Butanoic acidc 14.35 60 73   
15.52 Ethyl 2-methylbutanoate 15.10 
 
102 85   
15.62 Hexan-1-ol 43 56   
15.87 2-Methylpropyl propanoate3 57 29   
16.10 2-Methylbutyl acetate3 70 43  + 
16.42 Propyl butanoate3 89 43   
16.59 Butyl propanoate3 75 56  + 
16.78 Pentyl acetate3 61 70   
18.97 Propyl 2-methylbutanoate3 17.50 
 
85 57  + 
19.08 Butyl 2-methylpropanoate3 71 89   
19.34 2-Methylpropyl butanoate3 71 43   
19.68 1-Methylbutyl propanoate3 57 70   
19.92 6-Methyl-5-heptene-2-one 108 41   
20.53 Butyl butanoate3 20.25 
 
89 71   
20.80 3-Methylbutyl propanoate3 57 70   
21.23 Hexyl acetate 43 56  + 
24.87 Butyl 2-methylbutanoate3 24.40 57 103   
25.85 2-Methylbutyl butanoate3 25.30 71 43   
27.81 Propyl hexanoate3 26.50 99 43 61  
28.36 Hexyl propanoate3 75 57 56  
Termination of program after 29.10 min 
Static	headspace	sampling	
A	2.4-mL	headspace	sample	was	taken	with	a	gastight	syringe	from	each	jar	after	2	h	
of	 incubation	 into	 a	 3.0	 mL	 depressurized,	 flat-bottomed	 soda	 glass	 vial	 (Labco	 Limited,	
Lampeter,	 UK)	 sealed	 with	 a	 double	 septum	 consisting	 of	 rubber	 and	 Teflon/silicon.	 The	
vials	were	stored	at	-80°C	until	GC-MS	analysis.	
Separation	 of	 VOCs	 was	 performed	 on	 the	 abovementioned	 GC-MS,	 using	 the	 same	
column	and	flow	rate.	From	each	vial,	a	gas	sample	of	500	μL	was	automatically	withdrawn	
using	a	Combi	PAL	autosampler	(CTC	Analytics	AG,	Zwingen,	Switzerland)	and	injected	into	
the	 GC	 inlet	 in	 a	 3:1	 split	 ratio.	 Oven	 temperature	 was	 initially	 held	 at	 30°C	 for	 1	 min	











Sampling	 of	 VOCs	 using	 SPME	 resulted	 in	 the	 detection	 of	 53	 compounds	 when	
analyzed	in	total	ion	current	mode.	Based	on	this	list,	a	SIM	method	was	developed	(Table	1)	





of	 apples.	 Some	 of	 the	 esters,	 like	 butyl	 butanoate	 and	 hexyl	 acetate,	 were	 produced	 in	
higher	quantities	by	both	cultivars	of	apples	treated	with	water	at	low	temperature	(Figure	






The	 production	 of	 acetaldehyde	 was	 strongly	 linked	 to	 the	 high	 temperature	 HWD	
(56°C)	of	both	apple	cultivars	(Figure	1C).	Besides	being	released	from	plants	as	a	result	of	
fermentation	 reactions	 (Kozlowski	 and	 Pallardy,	 2002;	 Kreuzwieser	 et	 al.,	 2001)	
acetaldehyde	 emission	 has	 also	 been	 linked	 to	 stress	 factors	 such	 as	 wounding,	 high	
intensity	 light	 and	 high	 temperature	 exposure	 (Loreto	 et	 al.,	 2006).	 Methanol	 was	 also	
produced	in	higher	concentrations	following	high	temperature	HWD	(Figure	1C).	The	source	
of	methanol	 is	most	 likely	 from	 demethylation	 of	 the	 pectin	 in	 the	 cell	 walls	 and	middle	
lamellas	 (Galbally	 and	 Kirstine,	 2002).	 A	 slight	 increase	 in	 the	 emission	 of	 acetone	 was	
observed	 in	 apples	 treated	 with	 high	 temperature	 HWD	 (Figure	 1D).	 Acetone	 could	 be	
produced	 by	 fatty	 acid	 oxidation	 leading	 to	 acetoacetic	 acid	 and	 a	 spontaneous	
decarboxylation	into	acetone	(Murphy,	1985).	As	all	of	these	VOCs	originate	from	universal	
metabolic	processes,	these	compounds	could	possibly	be	used	as	biomarkers	of	heat	stress	
response	 in	 various	 fresh	 produce	 subjected	 to	 HWD.	 Methylpropene	 also	 appears	 to	 be	
linked	 to	 apples	 treated	 at	 high	 temperature	 (Figure	 1E).	The	 existing	 literature	 offers	no	
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Figure	1.	 Selected	volatile	organic	 compounds	produced	by	apples	of	 the	 cultivars	 ‘Ingrid	





compounds	 on	 GC-MS	 in	 SIM	 mode	 was	 developed.	 Several	 compounds	 were	 either	
characteristic	for	low	temperature	(butyl	butanoate	and	hexyl	acetate)	or	high	temperature	
(acetaldehyde,	 methanol,	 and	 acetone)	 HWD	 of	 apples.	 These	 results	 show	 that	 the	
developed	 VOC	 profiling	method	 could	 be	 a	 useful	 tool	 for	 early	 detection	 of	 heat	 stress	
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